To determine the accuracy of attenuation-corrected equilibrium radionuclide angiographic determinations of right ventricular volumes, we initially studied 14 postmortem human right ventricular casts by water displacement and biplane cineventriculography. Biplane cineventriculographic right ventricular cast volumes, calculated by a modification of Simpson's rule algorithm, correlated well with right ventricular cast volumes measured by water displacement (r = .97, y = 8 + 0.88x, SEE = 6 ml). Moreover, the mean volumes obtained by both methods were no different (73 + 28 vs 73 + 25 ml). Subsequently, we studied 16 patients by both biplane cineventriculography and equilibrium radionuclide angiography. The uncorrected radionuclide right ventricular volumes were calculated by normalizing background corrected end-diastolic and end-systolic counts from handdrawn regions of interest obtained by phase analysis for cardiac cycles processed, frame rate, and blood sample counts. Attenuation correction was performed by a simple geometric method. The attenuationcorrected radionuclide right ventricular end-diastolic volumes correlated with the cineventriculographic end-diastolic volumes (r = .91. y = 3 + 0.92x, SEE = 27 ml). Similarly, the attenuationcorrected radionuclide right ventricular end-systolic volumes correlated with the cineventriculographic end-systolic volumes (r = .93, y = -1 + 0.9 1x, SEE = 16 ml). Also, the mean attenuation-corrected radionuclide end-diastolic and end-systolic volumes were no different than the average cineventriculographic end-diastolic and end-systolic volumes (160 + 61 and 83 + 44 vs 170 ± 61 and 86 + 43 ml, respectively). Comparison of the uncorrected and attenuation-corrected radionuclide right ventricular volumes demonstrated narrower 95% confidence intervals for the attenuation-corrected right ventricular volume determinations over a wide range of cineventriculographic volumes. Thus we conclude that:
right ventricle. Nonetheless, several geometric models have been used to calculate right ventricular volumes from biplane cineventriculograms. [1] [2] [3] [4] [5] [6] Two-dimensional echocardiography and radionuclide angiography have also been used to obtain estimates of right ventricular volumes.7-10 However, two-dimensional echocardiographic determinations of right ventricular volume are also dependent on geometric assumptions, and echocardiograms of the right ventricle are difficult to obtain in all patients because of technical limitations. [7] [8] [9] In contrast, good-quality radionuclide angiographic images of the right ventricle can be obtained in nearly all patients. More importantly, calculation of right ventricular volumes can be obtained from chamber count rate, which is relatively independent of simplifying assumptions regarding chamber geometry. Dehmer et al.1' reported that radionuclide right ventricular stroke volumes that were not corrected for photon attenuation correlated with thermodilution stroke volumes. Radionuclide stroke volumes were obtained by regression equation correction of the uncorrected stroke volumes. Theoretically, right ventricular volumes obtained by this method may be imprecise in an individual patient because photon attenuation is dependent on two variables: the constitution of the intervening body tissue and the distance between the gamma camera and the right ventricular center of mass. Because these variables differ for each patient, radionuclide methods that assume constant attenuation for all patients may produce inexact determinations of right ventricular volumes.
Recently, we reported accurate estimates of left ventricular volumes from equilibrium radionuclide angiographic count data by means of a simple geometric method for attenuation correction,] and we demonstrated its improved precision over uncorrected radionuclide left ventricular volumes for estimating left ventricular volumes. The objectives of the present investigation were to apply this approach to the right ventricle in a consecutive series of patients (1) to validate attenuation-corrected radionuclide right ventricular volumes compared with cast-validated biplane cineventriculographic right ventricular volumes and (2) to determine whether this radionuclide method of determining right ventricular volumes is more accurate than that using radionuclide right ventricular volumes that were not corrected for photon attenuation.
Methods
Validation of the biplane cineventriculographic volume determinations. Fourteen postmortem human heart specimens were obtained in normal saline within 24 hr of death. The semilunar and atrioventricular valves were oversewn to prevent leakage. Radiopaque latex was infused simultaneously into the right and left ventricles to a distending pressure of 15 mm Hg. The casts were allowed to harden and were then removed from the heart. Excess muscle tissue was stripped away from trabeculations, the base of the heart, and the right and left ventricular outflow tracts. Right ventricular cast volumes were obtained from an average of five measurements by water displacement. The right ventricular casts were placed on the catheterization table in a position which closely approximated the orientation of the right ventricle in a patient lying in the supine position.
Biplane cineventriculograms (CGR, Double Angiomax) of the casts were obtained at 60 frames/sec in the 30 degree right anterior oblique and 60 degree left anterior oblique/20 degree cranial angulations. The biplane cineventriculographic right ventricular cast images were outlined with a sonic digitizer (Science Accessories) mounted on a cine projector (Vanguard Instrument Co.) by two blinded experienced angiographers on separate occasions. The right ventricular long axes (f) in both planes were determined from a line drawn from the midpoint of the pulmonic valve to the right ventricular base. The digitized data were processed with an on-line minicomputer (IBM PC). and volumes were calculated by a modification of Simpson s rule algorithm developed in our laboratory (see Appendix). Correction for magnification and pincushion distortion was performed with correction factors obtained by filming NAMIC grids at the center of mass of the casts in both planes.
Patients. The study group consisted of 16 patients. eight male and eight female, who gave written informed consent on a form approved by our Institutional Review Board. Their ages ranged between 17 and 67 years with a mean of 37 years. Clinical indications for cardiac catheterization included atrial septal defect (n = 2), biventricular heart failure (n -2). postsurgical repair of Tetrology of Fallot (n = 3). mild pulmonic stenosis (n -2), severe subpulmonic stenosis (n I). inferior mvocardial infarction (n 2). mitral stenosis (n 2). severe aortic regurgitation (n = I ), and atypical chest pain (n 1). All patients were in sinus rhythm. Equilibrium radionuclide angiography was performed 18 to 24 hr after the cardiac catheterization in 15 of the 16 patients and 24 hr before cardiac catheterization in one patient. During this period cardiac medications and clinical status in all patients was unchanged.
Cardiac catheterization. Right and left heart catheterization was performed in the 16 patients by the brachial or femoral approach. Right veentricular biplane cineventriculography was performed at 60 frames/sec in the 30 degree right anterior oblique and 60 degree left anterior oblique/20 degree cranial angulations. A No. 8F Berman catheter was positioned in the right ventricular apex where ventricular ectopic beats were minimal. Forty to 50 ml of meglumine diatrizoate (Renografin 76) were injected over 4 sec at 450 psi. Analysis was conducted on one of the first 3 sinus beats when the effect of iodinated contrast material is minimial. Ventricular ectopic and postventricular ectopic beats were rejected from analysis. Cotrection factors froni each image intensifier to the rizht ventricular geometric center of mass were recordedl for correction of macnification and pincushion distortion.
Right ventricular end-diastolic and end-systolic images were defined as the maximum and minimum silhouette areas observed on stop frame analysis of the cineventriculogram. The right ventricular long axes in the 30 degree riuht anterior oblique and 60 degree left anterior oblique/20 degree cranial angulations were determined by a line drawn from the midpoint of the pulmonic valve to the right ventricular base. The right ventricular volumes were then calculated from the end-diastolic and end-systolic images by means of the computer program. The calculated cineventriculographic right ventricular volunmes were then corrected to absolute volumes by the regression equation calculated for our laboratory from the right ventricular cast data.
Equilibrium radionuclide angiography. Equilibrium radionuclide angiography was performed with a 37 photomultiplier tube single crystal gamma scintillation camera equipped with an all-purpose parallel-hole collimator. Red blood cell labeling in vivo was accomplished by intravenous administration of stannous pyrophosphate followed in 15 min by 20 to 25 mCi of technetium-99m pertechnetate. In the anterior camera position a point source of technetium-99m was placed over the cavity midway between the septum and lateral wall and equidistant from the apex and the pulmonic valve ( figure 1, B ). The horizontal distance (d) between the two marks was measured in centimeters and averaged for three measurements. The maxi mum difference between individual marks did not exceed 4 mm on three separate measurements. The distance (d) was inserted into the formula:
d' d sin 0 through the radionuclide acquisition, a 2 ml blood sample was drawn and later counted on the collimator for 2 min. The time (t) delay from drawing to counting the blood sample was recorded for radioisotope decay correction.
Right ventricular end-diastolic and end-systolic counts were obtained by a hand-drawn region-of-interest method similar to that described by Maddahi et al. '4 To facilitate selection of regions of interest, a commercially available phase-analysis program (MDS A2) was used to delineate the pulmonic valve plane and right atrial-right ventricular border in the left anterior oblique projection. The end-diastolic frame determined from the semiautomated variable time-activity curve was displayed. Background was obtained manually from a left ventricular enddiastolic paraventricular region of interest 2 pixels wide placed inferior and lateral to the left ventricle and 2 to 3 pixels away from the left ventricular border. After the end-diastolic background was subtracted and the image had undergone nine point spatial smoothing, the operator manually outlined a right ventricular end-diastolic region of interest that totally encompassed the right ventricle with the pulmonic valve as the superior border. In a similar manner, the right ventricular end-systolic image was recalled, the image was background subtracted and smoothed, and the operator manually outlined a right ventricular end-systolic region of interest. From these right ventricular hand-drawn regions of interest, the right ventricular end-diastolic and end-systolic counts were obtained. Finally, the static blood sample image was displayed, and the operator positioned a 10 x 15 pixel rectangular region of interest around the image to obtain blood sample counts. Since background around the blood sample image averaged 0 counts/pixel, no background subtraction was considered necessary.
Right ventricular end-diastolic and end-systolic volumes were calculated as: background corrected RV counts x A blood sample counts where background corrected right ventricular (RV) counts are right ventricular end diastolic or end-systolic counts that had been normalized in the following manner:
background corrected RV counts x 60 sec/min; 1000 beats x 0.03 sec/beat where 0 = the angulation of the camera in the left anterior oblique projection. This is a simple geometric method, applied to the right ventricle, which calculates the distance (d') from the right ventricular center of mass to the gamma camera. Ten degrees of caudal angulation added to the left anterior oblique position increases slightly the calculated d' and subsequently produces a 1.63% increase in the attenuation correction factor (A). This amounts to only a small increase in the attenuation corrected volumes and therefore has been neglected in this investigation. However, the effect on the attenuation correction factor (A) increases exponentially as larger caudal angles are used, as other investigators have done."' Therefore, if caudal angulation of greater than 10 degrees is used, then d' should be corrected appropriately because this may result in a significant underestimation of right ventricular volume. Radionuclide images were acquired in the same left anterior oblique position described above with 10 degrees of caudal tilt. R wave-gated 30 msec frames were acquired consecutively throughout the cardiac cycle into 64 x 64 byte matrix images until the count information from 1000 RR intervals had been processed. Information was stored in the computer memory (A2, Medical Data Systems, Inc.) for later analysis. Midway where 1000 beats is the total number of RR intervals processed, 0.03 sec/beat is the frame rate during acquisition, and 60 sec/ min converts counts per second to counts per minute. The blood sample counts in counts per 2 minutes per 2 milliliters obtained on the collimator were corrected for decay by: eXt where X 0.6931tl/2 (t'/ is 360 min for technetium-99m) and t is the time in minutes from drawing the blood sample until the blood sample was counted. This results in uncorrected right ventricular end-diastolic and end-systolic volumes. This value can be multiplied by A to correct for photon attentuation, where A is: cud' where u = 0. 15 cm represents the linear attenuation coefficient for the 140 keV photon of technetium-99m in water1' and d' represents the distance in centimeters calculated from the gamma scintillation camera in the left anterior oblique position to the right ventricular center of mass. After multiplying by A, figure 4 ). In addition, the mean right ventricular end-systolic volumes by both methods did not differ significantly (83 + 44 vs 86 43 ml, respectively).
Reproducibility of radionuclide volume data. The attenuation-corrected radionuclide right ventricular volumes were highly reproducible. Intraobserver and interobserver correlations and differences are listed in table 2. In addition, the mean values for the radionuclide end-diastolic and end-systolic right ventricular volumes for observers 1 and 2 did not differ significantly.
Accuracy of right ventricular volume determinations: uncorrected vs attenuation-corrected radionuclide volumes.
Radionuclide right ventricular end-diastolic and endsystolic volumes that were not corrected for photon attenuation correlated with the biplane cineventriculographic right ventricular volumes (r = .57, y = 2.2x+ 91 and r = .71, y = 3.2x + 20, SEE = 31 ml, respectively; figures 5 and 6, table 3). Attenuationcorrected radionuclide right ventricular end-diastolic and end-systolic volumes demonstrated an improved correlation with the biplane cineventriculographic enddiastolic and end-systolic volumes (p = .02).
With biplane cineventriculographic volumes as the standard for comparison, the relative accuracy of uncorrected and attenuation-corrected radionuclide right ventricular volumes were evaluated with the 95% confidence intervals for the uncorrected and attenuationcorrected radionuclide data. Regression equation correction of the uncorrected and attenuation-corrected radionuclide right ventricular volumes for a range of biplane cineventriculographic volumes (50 to 450 ml) demonstrated that the calculated ranges for the attenuation-corrected right ventricular end-diastolic and endsystolic volumes were substantially narrower than those obtained from the uncorrected radionuclide right ventricular volumes (figures 7 and 8). Despite this fact, attenuation-corrected right ventricular end-diastolic volumes still yielded an SEE of 27 ml compared with cast-validated biplane cineventriculographic volumes. However, when 150 ml was used as the approximate upper limit of normal for cineventriculographic right ventricular end-distolic volume,' 6 the attenuation-corrected radionuclide method appropriately separated patients with normal from those with en- ric approximations may produce accurate volume calculations when the right ventricle is of normal size.
ght ventricles. In addition, the normal right However, as the right ventricle enlarges secondary to a ventricles yielded a better correlation between the attenuation-corrected radionuclide and biplane cineventriculographic end-diastolic volumes than did the enlarged right ventricles.
Discussion
Biplane cineventriculography. Several investigators have shown that biplane cineventriculography of right ventricular casts yield calculated right ventricular vol-volume load or becomes hypertrophic secondary to a pressure load, its intracavitary configuration may become deformed and may no longer aproximate a simple geometric model. Genzler et al. 6 imaged right ventricular casts with biplane cineventriculography and demonstrated a high correlation between cast volumes calculated by a Simpson's rule algorithm and cast volumes measured by water displacement. These same investigators sub- -Ãttenuationcorrected ---Uncorrected degree cranial angulations. Previously, biplane righ.t ventricular cineventriculography had been performed either in the anteroposterior and lateral or 30 degree right anterior oblique and 60 degree left anterior oblique projections.'-6 Cranial angulation of the 60 degree left anterior oblique projection allowed for a longer axial view of the interventricular septum. This projection is minimally influenced by foreshortening of the right ventricle in the left anterior oblique projection, thereby improving the evaluation of right ventricular regional wall motion and anatomy without compromising the accuracy of the calculated right ventricular volumes by a Simpson's rule algorithm.
Noninvasive studies. Biplane cineventriculography is an accurate method for determining right ventricular volumes; however, it is an invasive procedure that poses some risk to the patient. Moreover, it cannot be used when serial long-term studies are needed to evaluate the effects of drug therapy or progression of disease. Noninvasive techniques such as two-dimensional 700-100 200 300 400 500 CINE EDV(ml) FIGURE 7. Comparison of the range of 95% confidence intervals for the uncorrected and attenuation-corrected radionuclide angiographic (RNA) right ventricular end-diastolic volumes (EDV) after regression equation correction. The range of attenuation-corrected volumes is significantly smaller for predicting individual cineventriculographic (CINE) volumes. sequently used this method to obtain right ventricular volumes in 32 patients, 16 of whom had enlarged right ventricles with end-diastolic volumes in excess of 100 mI/M2. All other reports'-5 in which right ventricular volumes were calculated in patients described enddiastolic volumes of less than 100 ml/m2. Use of a Simpson's rule algorithm should provide a more accurate estimate of volume in normal as well as enlarged right ventricles, since this mathematical model for the estimation of volume minimizes errors that arise from geometric assumptions because the cardiac chamber is divided into multiple subunits.
In our investigation biplane cineventriculographic right ventricular cast volumes calculated by a Simpson's rule algorithm produced an excellent correlation with cast volumes measured by water displacement. The l l l | l echocardiography have been used to obtain estimates of right ventricular volumes. However, radionuclide angiography offers significant advantages over twodimensional echocardiography in that adequate studies may be obtained in nearly all patients, and volume estimates that are relatively independent of geometry may be obtained on the basis of chamber count rates. In a study that compared geometric methods to a count-based approach for determining left ventricular volume by radionuclide angiography. Massie et al.'5 demonstrated that both techniques yielded high correlation coefficients with single-plane cineventriculographic left ventricular volumes. However. the standard errors of the estimate for the geometric radionuclide techniques were higher, and consequently the 95% confidence intervals were wider than those for the count-based radionuclide technique. Therefore a count-based equilibrium radionuclide method appears to yield more accurate determinations of left ventricular volumes.
Dehmer et al. I and Slutsky et al. used count-based methods to obtain left ventricular volumes by equilibrium radionuclide angiography. Their methods yielded uncorrected left ventricular volumes derived from the ratio of left ventricular counts to peripheral blood sample counts. Left ventricular volumes were obtained by regression equation correction of the corresponding volumes that were not corrected for photon attenuation. Theoretically. a method that is highly dependent on regression equation correction may yield estimates of left or right ventricular volumes that are imprecise, since each patient has variable technetium-99m photon attenuation because of the composition of the intervening body tissue and the distance between the left and right ventricular centers of mass and the gamma camera. Therefore the assumption of a constant photon attenuation may result in highly variable radionuclide left and right ventricular volume estimates in individual patients.
Links et al. 1`obtained attenuation-corrected equilibrium radionuclide left ventricular volumes that correlated highly with single-plane cineventriculographic volumes. A computer-assisted method was used to calculate the distance from the camera to the left ventricular center of mass, and attenuation correction was made for each patient by means of the calculated distance and the linear attenuation coefficient for a beam of technetium-99m photons in water. We recently reported an excellent correlation between attentuationcorrected radionuclide left ventricular volumes and biplane cineventriculographic volumes. " A simple geometric method was used to obtain the distance from the camera to the left ventricular center of mass, and attenuation correction was performed with this distance and the linear attenuation coefficient of technetium-99m photons in water.
Attenuation correction produced more accurate left ventricular volumes with narrower 95% confidence intervals than comparable volumes obtained fromn uncorrected radionuclide left ventricular volumes when both values were compared with biplane cineventriculographic volumes.'
Using a count-based radionuclide method similar to their method for the calculation of left ventricular volumes, Dehmer et al.`' reported that uncorrected radionuclide right ventricular stroke volumes correlated with thernmodilution stroke volumes. Again, radionuclide right ventricular stroke volumes were highly dependent on regression equation correction of the radionuclide stroke volumes that were not corrected for photon attenuation. In this investigation. we used a simple geometric method to obtain the distance from the camera to the right ventricular center of mass. The measured distance was used to calculate attenuationcorrected radionuclide right ventricular volumes.
These radionuclide right ventricular volumes coiTelated highly with the corresponding cast-validated biplane cineventriculographic volumes. As was previously demonstrated for the left ventricle, attenuation correction produced more accurate radionuclide right ventricular volumes compared with uncorrected radionuclide right ventricular volumes.
Limitations. Although this method has advantages over previously reported techniques. there are several potential sources of error. The choice of i as the linear attenuation coefficient of a beam of technetium-99m photons in water may not represent the true physiologic condition in the body. Nonetheless. Links et al.'" used this value in clinical studies with excellent results. In the same study these investigators constructed a phantom model using 50 to 250 ml flasks of a known concentration of technetium-99m in water. They arrived at a measured value of u that ranged from 0. 14 to 0.15 cm-l. In contrast, Maurer et al.'9 corrected for tissue photon attenuation by positioning an esophogeal point source behind the left atrium and calculating a transmission factor for each patient, while the distance from the left ventricular center of mass to the gamma camera was assumed to be constant. These radionuclide left ventricular volume determinations also correlated highly with biplane cineventriculographic volumes.
The accuracy of radionuclide right ventricular volumes is also dependent on the reproducibility of the following variables: (1) blood sample counts. (2) mea-surement of the distance d, and (3) right ventricular end-diastolic and end-systolic counts. First, the counts obtained from the 2 ml blood sample could have affected the right ventricular volumes. The blood sample counts were corrected for decay to obviate problems with the time delay from drawing to counting the sample. We chose to count the blood sample on the camera face, since collimator efficiency for a point source in air is independent of the source to collimator distance.20 Furthermore, we have shown that accurate left ventricular volumes can be obtained with a 2 ml blood sample irrespective of the distance at which blood sample counts are acquired from the camera, and the blood sample counts are highly reproducible." Second, the distance d on the chest used to calculate d' for attenuation correction was obtained from the average of three measurements. Interobserver variability for these measurements differed by only 4 mm or less in all instances; therefore, it accounted for very little variation in the radionuclide right ventricular volumes calculated by each observer. Finally, right ventricular counts are highly dependent on hand-drawn regions of interest at both end-diastole and end-systole. This can present a potential problem in the left anterior oblique projection for the right ventricle when one attempts to find the right atrial-right ventricular border and pulmonic valve plane. However, by phase analysis, the borders of the right ventricle in the area of the right atrium and pulmonic valve were clearly defined. This eliminated a great deal of ambiguity and subjectivity when attempting to draw right ventricular end-diastolic and endsystolic regions of interest. Thus the intraobserver and interobserver reproducibility was high for both the radionuclide right ventricular end-diastolic and end-systolic volumes.
Another potential problem was the selection of a left paraventricular region of interest for background. As Maddahi et al.'4 described, there are several possible sources of background activity that may contribute to right ventricular counts: overlying right atrium, scatter from the left ventricle, and the pulmonary vascular bed. A left paraventricular region of interest includes the latter two sources. The right atrial source may account for a high contribution to right ventricular counts, particularly at end-systole, when this structure increases in size. In this study, several patients had both right atrial and right ventricular enlargement. However, there was a tendency for underestimation of right ventricular volumes by radionuclide angiography. Seiderer et al.2'1 have demonstrated that a parabolic background correction provided a better correlation between radionuclide left ventricular volumes and Vol. 72, No. 2, August 1985 single-plane cineventriculographic volumes, while a uniform left paraventricular background correction consistently yielded an underestimate of the cineventriculographic volumes. Therefore, our choice of background correction may not have accounted for the effects of right ventricular blood self-absorption, which is taken into account by a parabolic background correction, and thus it might have resulted in lower total right ventricular counts and lower right ventricular volumes when compared with biplane cineventriculographic volumes. Because the majority of our patients had mild-to-markedly enlarged right ventricular volumes, this factor may have played a greater role in the underestimation of the larger right ventricular volumes.
Conclusions. These results demonstrate that radionuclide right ventricular volumes can be obtained by a method that incorporates attenuation correction with a distance measurement derived from a simple geometric method in each patient. In patients with a wide variety of cardiac problems and right ventricular volumes, attenuation-corrected radionuclide right ventricular volumes were more accurate than those obtained from uncorrected right ventricular volumes, which assume a constant attenuation. Thus this radionuclide count-based method of measuring right ventricular volumes may be useful in serial clinical studies to evaluate therapeutic interventions or to follow the progression of right ventricular disease processes. Appendix Briefly, the computer program provides x-y-z coordinate data for segmentation of each of the two orthogonal images into 100 elliptical segments. The diameters are calculated in each view as the vector distance between points on opposite sides of the endocardial outline that lie on a line perpendicular to the long axis. The true long axis LT is derived mathematically in threedimensional space using the measured long axis in each projection by triangulation: If 
